Introduction
The determination of different chemical species of metals in environmental matrices is important due to their different toxicities. Chromium speciation has attracted a great deal of attention due to the more toxic nature of Cr 6+ relative to Cr 3+ . 1, 2 Chromium species with an oxidation state of six can be embryocidal and teratogenic, 3 and can be considered to be harmful to the health of humans. 4 Chromium species were used in leathering, tanning, dyestuffs, metal treatments, and polymer cross linking. Because of the significant influence of chromium species on the environment and biomass, it is important to have quantitative measurements for different chromium species in the environment.
There are many methods used for the determination of chromium species in different matrices, such as ion chromatography-chemiluminescence (IC-CL), 5 inductively coupled plasma-mass spectrometry (ICP-MS), 6 flow-injection analysis-furnace atomic absorption spectrometry (FIA-FAAS), 7 and capillary electrophoresis (CE). 8 Usually, the most popular method for the separation of Cr 6+ and Cr 3+ is the extraction of Cr 6+ with Amberlite LA-2/MIBK. 9 Using a selective chelating agent, solvent extraction becomes a suitable method for the separation of Cr 6+ and Cr 3+ in an aqueous solution. For example, in the EPA method 218.4 indicates that Cr 6+ can be extracted by APDC into methylisobutyl ketone (MIBK) at pH 2.8. 10 However, the extraction of Cr 3+ by APDC occurs at higher pH and with very low efficiency at room temperature. The poor extractability of Cr 3+ is because Cr 3+ is strongly hydrated and the displacement of those coordinated water molecules by the ligand is difficult at room temperature. 11, 12 In EPA's methods, Cr 3+ is initially oxidized to Cr 6+ by using KMnO4, followed by extraction with APDC. The amount of Cr 3+ is calculated through the difference in the concentration between the two aliquots, i.e. with oxidation and without oxidation. The complexes formed by Cr 6+ and Cr
3+
individually with sodium diethyldithiocarbamate (NaDDC) give different chemical structures. Tande et al. and Hope et al. reported that Cr 3+ forms a Cr(DDC)3 complex, whereas Cr 6+ is first reduced by the ligand, and then forms two different complexes, Cr(DDC)3 and Cr(DDC)2(ODDC), where ODDC represents an oxygen atom inserted between the metal ion and one of the sulfur atoms. 12, 13 These two complexes, formed by Cr 6+ with NaDDC, are separable in HPLC. 12, 14 In practice, due to the nature of NaDDC being rapidly decomposed in an acidic solution, it is not often used for trace-metal extraction. 15 However, because APDC is quite stable in acidic media, it is more frequently used for the preconcentration of trace elements from an aqueous sample. 15 Since the chelation behavior of APDC is similar to that of NaDDC, it is possible that the APDC extraction of Cr 6+ may also results in two different complexes separable by HPLC. If this is true, then a chemical speciation method for chromium using APDC as an extractant may be developed, provided that the following two requirements can be satisfied: (1) the simultaneous and quantitative extraction of Cr 3+ and Cr 6+ by APDC can be achieved, and (2) 6+ and Cr 3+ are carefully discussed in this report. X-ray diffraction and spectroscopic studies indicate that Cr 6+ reacts with the ammonium pyrrolidinedithiocarbamate ligand to form two products, Cr(PDC)2(OPDC) and Cr(PDC)3, where OPDC represents an oxygen insertion between Cr and S atoms. A high concentration of APDC in the phthalate buffer under an elevated temperature (50˚C) was applied in solvent extraction (SE) to increase the extraction efficiency of Cr 3+ , so that both Cr 3+ and Cr 6+ could be extracted by APDC simultaneously. The complex involving the oxygen insertion bonding Cr-O-S is separable from the normal Cr(PDC)3 complex chromatographically, thus allowing the quantification of Cr 6+ . The major product of Cr 6+ has a structure of Cr(PDC)2(OPDC) and the minor product is Cr(PDC)3 with a ratio of Cr(PDC)2(OPDC)/Cr(PDC)3 being 8.5. The extraction conditions for Cr 6+ and Cr 3+ as well as the chromatographic separation of the complexes using highperformance liquid chromatography (HPLC) are reported. Potential applications for the chemical speciation of chromium by SE/HPLC in environmental aqueous solutions are also discussed. determined in one aliquot using a single extraction procedure.
The simultaneous extraction of both Cr 3+ and Cr 6+ from water was reported by Subramanian, 16 who used high concentrations of APDC to extract both Cr species into MIBK for FAAS. The extraction requires the presence of a potassium hydrogen phthalate buffer (PHP) in the pH range of 2.5 -4.5. The drawback of this method is that the hydrophilic property of MIBK is larger compared with the traditional organic solvent, CHCl3, which leads to a possible loss of the analyte, which is water soluble. Besides, FAAS cannot distinguish the different species of the same element simultaneously. Bergmann and Hardt also reported that elevated temperatures (50 -80˚C) could facilitate the extraction of Cr 3+ by APDC. 17 In our experiment, an elevated temperature (50˚C) and a high concentration of APDC in a phthalate buffer were used to increase the extraction efficiency of Cr 3+ , so that both Cr 3+ and Cr 6+ can be extracted by APDC simultaneously.
The extracted chromium-PDC complexes were separated by HPLC, thus providing a basis for distinguishing the two chromium species. This paper describes our approach of developing the APDC extraction method, followed by HPLC separation for the determination of Cr species in aqueous solutions.
Experimental

Reagents
All of the solvents used were of HPLC grade purchased from EM Industrials, Inc. Analytical-grade APDC was obtained from Sigma Chemical Co. Chromium(VI) (ammonium dichromate in 2% HNO3) and chromium(III) (CrCl3 in 2% HCl) standard solutions were obtained from Alfa Products and from EM Industrials, Inc. Ultrex HNO3 and high purity (Suprapur) NaOH were purchased from J. T. Baker and EM Industrials, Inc., respectively. Deionized water was prepared by passing distilled water through an ion-exchange column (Barnstead ultrapure water purification cartridge). All solvents used in the HPLC system were degassed with a sonifier (Bransonic 12) in water bath prior to use. An APDC solution (10% w/v) was prepared weekly by dissolving a weighed amount in an appropriate volume of deionized water. The APDC solution was purified by extracting with CHCl3 (10 mL APDC:1 mL CHCl3) for three times, then filtering through Whatman No. 4 filter paper. The phthalate buffer (8% w/v) was prepared by dissolving 4 g of potassium hydrogen phthalate in 50 mL of deionized water; 0.4 g of NaOH was added to the aqueous phase to adjust the pH value. The solution was pretreated by APDC and CHCl3 (0.5 mL of 2% APDC and 5 mL CHCl3) extraction. After extraction and phase separation, the PHP solution was filtered and stored in a clean polyethylene bottle.
Two complexes, Cr(PDC)3 and Cr(PDC)2(OPDC), were prepared by reacting Cr 3+ and Cr 6+ , respectively, with an excess amount of APDC at 50˚C in phthalate buffer at pH 4. The product Cr(PDC)3 was extracted into chloroform and purified by recrystallization in a chloroform-ethanol mixture at 60˚C. The complexes formed by Cr 6+ with APDC were also extracted with chloroform and purified by recrystallization. The chromatogram of HPLC gave two peaks, which were from the dissolved crystal; a minor peak corresponded to Cr(PDC)3 and a major peak with a shorter retention time that was identified later to be Cr(PDC)2(OPDC) by X-ray diffraction, IR spectroscopy, and mass spectrometry. These two products were separated chromatographically and recrystallized in a chloroform/ethanol solution with slow evaporation at 60˚C.
Apparatus
The HPLC unit consisted of the following components: a Spectroflow 400 (Kratos) solvent-delivery system, an AN-203 UV detector with a fixed wavelength of 254 nm (Anspec), a Perkin-Elmer recorder adjusted for 10 mV input, and a 50 µL sample injection loop. An Alltech C18 stainless-steel reversedphase column of 250 mm × 4.6 mm (10 µm) was used as the analytical column. The guard column was packed with a silicabased C18 material with adsorbosphere 5 µm packing (Alltech). A mixture of acetonitrile/water was used as a mobile phase. The instrument parameters were set as follows: detector sensitivity, 0.016; absorbance unit, full scale (a.u.f.s.); wavelength, 254 nm; flow rate, 0.7 mL/min; and recorder chart speed, 0.5 cm/min.
A wrist-action mechanical shaker (Burrell Model 75) was used for solvent extraction. A Perkin-Elmer Lambda 4C UV/Vis Spectrophotometer equipped with a Perkin-Elmer 7300 Professional computer for data processing recorded the UV/Vis spectra of metal-PDC complexes. The melting point was measured by a melting-point apparatus (MEL-TEMP Laboratory Devices, Inc.). The mass spectra were obtained using a VG-7070 HS mass spectrometer, and the infrared spectrometer used was Bio-Rad Diglab Qualimatic. A Leeman PS-1000 inductively coupled plasma-atomic emission spectrometry (ICP-AES) at Analytical Center, University of Idaho, USA, was used for inter-laboratory cross checking of the chromium concentrations in aqueous solutions. For a neutron activation analysis (NAA), all irradiation was done in a 1-MW Triga reactor at a steady neutron flux of 6 × 10 12 n cm -2 s period. The Cr nuclide was quantified by comparing the net photopeak areas with those standards.
Extraction procedure
A known amount of Cr 3+ or Cr 6+ (between 1 -10 µg) was spiked into 25 mL of deionized water in a 50 mL screw-cap polyethylene bottle. For the extraction of Cr 3+ , 0.3 mL of the phthalate buffer (8% w/v) was added, and the pH of the solution was adjusted to 4.0 using Ultrex HNO3 and Suprapur NaOH. After that, 5 mL of CHCl3 and 3 mL of a 10% APDC solution were added and the bottle was capped. The sample was placed in a water bath with the temperature controlled by a thermostat, and shaken with a wrist-action mechanical shaker (Burrel Model 75) for a fixed period of time. After shaking and phase separation, 4 mL of the organic phase were removed and placed in a pyrex flask with a ground stopper. The solution was washed with 10 mL of deionized water three times with rigorous hand shaking for a couple of minutes each time. After washing, the organic solution was evaporated to near dryness in a sand bath with the temperature fixed at 50˚C. The sample was rinsed with methanol and transferred to a volumetric flask for HPLC analysis. For NAA, the CHCl3 phase after extraction was evaporated to near dryness, and 2 mL of 50% HNO3 was then added to digest the sample at 60˚C for about 1 h. After that, the digested acid sample was transferred to a volumetric flask and diluted to 5 mL; 0.5 mL of the acid solution was heatsealed in a polyethylene vial for neutron irradiation. The rest of the solution was ready for ICP-AES analysis. Cr 6+ was extracted by the same extract procedure as described above for the Cr 3+ species.
Results and Discussion
Characterization of Cr-PDC complexes
Two complexes from the reaction of Cr 6+ with APDC were isolated by thin-layer chromatography into two parts. The minor part was violet-blue in color, which had been identified to be Cr(PDC)3 by X-ray diffraction. The major part was black in color. X-ray diffraction indicates that it has an oxygen atom inserted between the Cr 3+ and the sulfur atom of one of the three ligands coordinated with the metal ion. The structure is similar to that of the Cr(DDC)2(ODDC) complex formed by a Cr 6+ reaction with NaDDC. 13 Cr 6+ is apparently reduced by APDC, in the same way as using NaDDC as a ligand during extraction to form an oxygen insertion product, Cr(PDC)2(OPDC) and Cr(PDC)3. The infrared spectrum of the complex, designated by Cr(PDC)2(OPDC) in Fig. 1 , showed absorption bands at 499.6 cm -1 and 886.3 cm -1 , characteristic of the S-O single-bond stretching vibrations, 18 which were not observed in the Cr(PDC)3 complex. The UV/Vis spectra of Cr(PDC)3 and Cr(PDC)2(OPDC) dissolved in cyclohexane showed a broad absorption band for the former with a maximum wavelength at 494.9 nm and a similar broad band for the latter with a peak maximum at 496.4 nm. The mass spectrum of the black complex showed the presence of m/e at 506, 360, and 146, corresponding to Cr(PDC)2(OPDC) + , + O-Cr(PDC)2, and (PDC) + , [HPDC structure: (CH2)4N-C(S)SH], respectively. The two Cr-PDC complexes obtained from the reaction of Cr 6+ with APDC were separable by HPLC, as shown in Fig. 2 . 3+ and Cr 6+ by APDC Effect of the extraction time and temperature. According to Subramanian, Cr 3+ can be extracted at room temperature with a high concentration of APDC in the presence of a phthalate buffer. 16 Our results indicated that although Cr 3+ can be extracted under these conditions, the rate of extraction is very slow. It took at least 2 h at 22˚C to complete the extraction of Cr 3+ , as shown in Fig. 3 HPLC column. The peak heights for each concentration point were carefully measured. The recovery of the samples was calculated by comparing the peak heights of the samples with that of the standard in the calibration curve. At room temperature, the ratio of the two complexes formed from the reaction of Cr 6+ with APDC, i.e. Cr(PDC)2(OPDC)/Cr(PDC)3, also changed with the extraction time, starting with a ratio of about 5.5 after 10 min to a value of about 2 at the end of 2 h of shaking (Fig. 4) . When the temperature was elevated to 50˚C, the ratio increased to 8.5 after about 20 min of shaking. With increasing the extraction time, the ratio of the two products decreased, suggesting that more Cr(PDC)3 was generated. After 60 min of extraction, the ratio of Cr(PDC)2(OPDC)/Cr(PDC)3 reached approximately a constant ratio of 5.3, indicating that the maximum yield of Cr(PDC)3 generated from Cr 6+ was obtained under our experimental conditions. Elevating temperature from 22 to 40˚C can greatly improve the extraction rate of Cr 3+ . At 40˚C, Cr 3+ is almost completely extracted after 1 h of shaking. At 50˚C, the extraction of Cr 3+ was virtually completed in 15 min, and Cr 6+ could be extracted in 8 min of shaking. Thus, the optimum extraction condition was set at a temperature of 50˚C and a time of 20 min for this chromium speciation study. Under these conditions, the ratio of Cr(PDC)2(OPDC)/Cr(PDC)3 obtained from Cr 6+ was about 8.5 ( Fig. 2 and Fig. 6 ). Figure 5 shows the percent recovery versus the extraction time for Cr 3+ at 50˚C and 40˚C, and for Cr 6+ at 50˚C. With the change of the chromium concentration from 20 to 100 ppb, and under fixed extraction conditions (50˚C and 20 min), the peak height from the Cr 3+ species and the ratio of the two products generated from Cr 6+ showed a linear relation, as shown in Fig. 6 . Effect of the pH. The extraction of the Cr 6+ species by APDC was independent of the phthalate buffer concentration. However, the extraction of the Cr 3+ species depended on the buffer concentration. With an excess amount of phthalate, the efficiency of Cr 3+ extraction by APDC decreased. The buffer concentration of 1 × 10 -3 g/mL (0.1% w/v) was sufficient to extract the Cr 3+ species between pH 2.5 and 4.5. Therefore, by using this specified concentration of the phthalate buffer and a pH value of 4, both Cr 6+ and Cr 3+ could be extracted by APDC. At this pH, because the solubility of APDC in the organic phase was still small, it would not cause a background problem in HPLC separation of the Cr-PDC complexes. There have been reports indicating that a high concentration of phthalate would suppress the extraction of the Cr 3+ species, e.g. above 0.8% phthalate, Cr 3+ was not extracted. 16, 17 Effects of the ligand concentration. In our extraction procedure, 3 mL of a 10% APDC solution was added to a 25 mL water sample. This corresponded to a final concentration of 1% (w/v) APDC in the aqueous phase. The data indicated that if the concentration of APDC is reduced by a factor of 2, incomplete extraction of Cr 3+ might result. For instance, at a 0.5% APDC final concentration in a water sample, the extraction efficiency of Cr 3+ would be reduced to about 85% for 20 min of shaking at 50˚C. Consequently, a high concentration of APDC is required in this extraction to shift the equilibrium in favor of the formation of the Cr 3+ complex according to the law of mass action. However, an excess amount of APDC also causes interference in HPLC because of the huge ligand peak present in the chromatogram. Choice of solvent. MIBK was used in the EPA's methods for the extraction of chromium species because it allowed this organic phase to be introduced directly into the atomic absorption spectrometer. However, this advantage no longer exists in HPLC analysis for the extracted Cr-PDC complexes. Chloroform was selected as the solvent based on the following reasons: (1) The solubility of chloroform in water (0.8% at 20˚C) is small compared with that of MIBK (1.7% at 20˚C). (2) Chloroform does not show any interference for the UV detector set at 254 nm, whereas the carbonyl group of MIBK does. (3) The metal-PDC complexes are generally more stable in chloroform than in MIBK, since a small portion of chloroform in the HPLC mobile phase is commonly used as a stabilizer to avoid the decomposition of metal complexes.
Extraction of Cr
HPLC separation of Cr-PDC complexes
Samples extracted under the conditions specified in the previous section were analyzed by reversed-phase HPLC using acetonitrile/water (75/25) as a mobile phase. Under the specific chromatographic conditions (50˚C and 20 min extraction time), the extracted Cr 6+ showed a major peak of Cr(PDC)2(OPDC) with a retention time of about 13 min, followed by a minor peak of Cr(PDC)3 at 19 min. For pure Cr 3+ samples, only the Cr(PDC)3 peak was observed when the spiked Cr 6+ /Cr 3+ ions had a 0/4 ratio. In a mixture of Cr 6+ and Cr 3+ , the former could be quantified from the height of the Cr(PDC)2(OPDC) peak and the latter could be measured from the Cr(PDC)3 peak after subtraction of the contribution from Cr
6+
, since the peak height of Cr(PDC)2(OPDC) and Cr(PDC)3 produced from Cr 6+ versus the concentration of Cr 6+ showed a good linearity as well (Fig.  6) . The correction for the Cr(PDC)3 peak in a mixture of Cr 6+ and Cr 3+ can be calculated from the height of the Cr(PDC)2(OPDC) peak because the ratio of the two complex peaks from Cr 6+ is known. Figure 2 also shows that when the ratio of the spiked Cr 6+ /Cr 3+ was altered, the height of the Cr(PDC)2(OPDC) peak varied linearly with the concentration of Cr 6+ . After a correction for the contribution from Cr 6+ , the peak height of the Cr(PDC)3 also varied linearly with respect to the initial Cr 3+ concentration in solution. When Cr 6+ and Cr 3+ were added in five different ratios (4/0, 3/1, 2/2, 1/3, and 0/4) as shown in Fig. 2 , the peak height was fairly predictable. The peak heights of Cr(PDC)2(OPDC) and Cr(PDC)3 from Cr 6+ are fairly linear, and the ratios of these two peak heights are around 8.5 for each concentration point at a given temperature and extraction time, according to Fig. 6 .
In order to validate the HPLC results, other analytical methods, including NAA and ICP-AES, were applied. The detection limit of Cr in NAA is about 0.1 µg under our irradiation condition and in ICP-AES it is about 0.3 ppb in the final acid solution.
The recovery of Cr 3+ was evaluated by spiking 4 µg of Cr 3+ (5 mL of 0.8 µg/mL of Cr 3+ solution) with the final volume of a 25 mL buffered solution. The average recovery from the HPLC analysis was about 91 ± 3% based upon the results obtained from triplicate samples. Similar experiments with natural water samples (collected from Spring Valley Reservoir, Troy, Idaho, USA) were undertaken. Natural water was pretreated first by filtering with a 0.45 µm membrane. Then, 4 mg (5 mL of 0.8 µg/mL) of a Cr 3+ solution was spiked into a natural water sample with a final volume of 25 mL. In natural water, usually the average total concentration of Cr species is around 1 -0.5 ppb. The average recovery of Cr 3+ in 93 ± 4% from naturalwater samples analyzed by SE/HPLC was obtained based on triplicate assays, which is compatible with the results from NAA and ICP-AES. In NAA and ICP-AES methods, the average recoveries are 96 ± 5% and 88 ± 4%, respectively. Although our experiments showed good recovery of Cr 3+ , it should be pointed out that in real samples, some potential interferences might exist in SE/HPLC analysis. Interferences from other natural organic ligands might be generated in the Cr 3+ extraction process. Interferences from other trace elements in natural water extracted by APDC and matrix interferences might also create problems for HPLC analysis using a conventional detector, such as a UV detector. An atomic emission detector might be able to alleviate the interferences from other trace elements and organic species, including the natural ligands and their decomposition products in the system. 19 This might be considered to optimize the conditions for the determination of the Cr species in SE/HPLC in environmental water samples in the future.
Conclusions
Chromium species with an oxidation state of +3 is difficult to extract at room temperature because Cr 3+ is strongly hydrated in aqueous solutions and the displacement of those coordinated water molecules by the ligand is difficult. A high concentration of APDC in the phthalate buffer and an elevated temperature (50˚C) in solvent extraction can enhance the extraction efficiencies of Cr 3+ . Both Cr 3+ and Cr
6+
, therefore, can be extracted simultaneously by APDC in solvent extraction, followed by HPLC analysis. Cr 3+ in aqueous solutions can be extracted by APDC (1% w/v) into chloroform in the presence of a phthalate buffer (0.1% w/v at pH 4) at 50˚C in 20 min. The form of the Cr 3+ -PDC complex has been determined to be Cr(PDC)3. Aqueous Cr 6+ can also be extracted under these conditions with the formation of two Cr-PDC complexes. The major product has a structure of Cr(PDC)2(OPDC) and the minor product is Cr(PDC)3 with a Cr(PDC)2(OPDC)/Cr(PDC)3 ratio of 8.5. These complexes are formed by APDC reduction of Cr 6+ to Cr 3+ under the specified experimental conditions. The two Cr-PDC complexes, i.e. Cr(PDC)2(OPDC) and Cr(PDC)3, can be separated by HPLC. Solvent extraction followed by HPLC analysis of the Cr-PDC complexes provides a potential analytical method for the determination of Cr 3+ and Cr 6+ species in aqueous solutions. The water samples collected from Spring Valley Reservoir, Troy, Idaho, USA were analyzed. The quantitative recovery of Cr 3+ and Cr 6+ from natural-water samples determined by SE/HPLC was obtained based on multiple assays.
The results using this approach were compatible with those analyzed with NAA and ICP-AES. This approach is primarily successful for measuring chromium species in environmental aqueous solutions.
